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(54) WELDED JOINT

(57) A weld joint with an excellent CTOD property is
produced with a weld metal, using a steel plate as a base
metal. The steel plate has a chemical composition includ-
ing C: 0.03% to 0.09%, Si: 0.01% to 0.35%, Mn: 1.3% to
2.0%, P: 0.012% or less, S: 0.0035% or less, Al: 0.01%
to 0.06%, Ni: less than 0.3%, Mo: less than 0.10%, Nb:
0.005% to 0.023%, Ti: 0.005% to 0.025%, B: less than
0.0003%, N: 0.002% to 0.005%, Ca: 0.0005% to

0.0050%, and O: 0.0030% or less, with the components
additionally satisfying a predetermined relationship. The
weld metal has a chemical composition including C:
0.040% to 0.090%, Si: 0.1 % to 0.8%, Mn: 1.0% to 2.5%,
Al: 0.020% or less, Ni: 0.1 % to 1.0%, Mo: 0.05% to
0.50%, Ti: 0.005% to 0.050%, and B: 0.0015% or less,
the balance being Fe and incidental impurities.
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Description

TECHNICAL FIELD

[0001] This disclosure relates to a weld joint that uses a high-tensile-strength steel plate as the base metal and is
provided for use in steel structures such as marine structures, wind turbine generators, ships, pressure vessels, and
penstocks. In particular, this disclosure relates to a weld joint that is produced with weld metal that has excellent toughness
and that uses, as the base metal, high-tensile-strength steel plates with yield stress (YS) of 355 MPa or greater and
excellent low temperature toughness in the weld zone when forming a multilayer weld.

BACKGROUND

[0002] Steel used in ships, marine structures, wind power generation facilities, pressure vessels, and the like is welded
to form structures with desired shapes. Therefore, from the perspective of structural safety, these steels are not only
required to have base metal with high strength and excellent toughness but also to have excellent toughness in weld
joints (weld metal and Heat-Affected Zone (HAZ)).
[0003] The absorbed energy by a Charpy impact test has mainly been used as the basis for evaluating the toughness
of steel. In recent years, however, a Crack Tip Opening Displacement test (CTOD test; the evaluation results of this test
are referred to below as CTOD property or CTOD value) has often been used for greater reliability. This test evaluates
the resistance to occurrence of brittle fracture by generating a fatigue precrack in a test piece at the location of toughness
evaluation, subjecting the test piece to three-point bending, and measuring the amount of the crack opening (plastic
deformation volume) immediately before fracture.
[0004] Since a fatigue precrack is used in a CTOD test, an extremely small region is evaluated for toughness. If a
local brittle zone exists, a low toughness may in some cases be indicated, even if a good toughness is obtained with a
Charpy impact test.
[0005] The local brittle zones easily occur in the Heat-Affected Zone (HAZ), which is subjected to a complicated thermal
history due to a multilayer fill weld in a thick steel plate or the like. The bond (the boundary between weld metal and
base metal) and a region in which the bond is formed into a dual phase region by reheating (a region in which coarse
grains are formed in the first cycle of welding and which is heated into a ferrite and austenite dual phase region by the
subsequent welding pass, hereinafter referred to as a dual phase reheating area) become local brittle zones.
[0006] Since the bond is exposed to a high temperature just below the melting point, austenite grains are coarsened
and are likely to be transformed, by the subsequent cooling, into an upper bainite microstructure that has a low toughness.
Therefore, the toughness of the matrix itself is low. Furthermore, brittle microstructures such as a Widmanstatten micro-
structure or isolated martensite (MA) easily occur in the bond, resulting in an even lower toughness.
[0007] In order to improve the toughness of the Heat-Affected Zone (HAZ), for example a technique that incorporates
Ti/N in the steel by fine particle distribution to reduce coarsening of austenite grains and to create ferrite nucleation sites
has been put to practical use. The bond, however, may be heated to a temperature region at which Ti/N dissolves. As
the demand for low temperature toughness of the weld zone becomes more stringent, it becomes more difficult to obtain
the above-described effect.
[0008] JP H03-053367 B2 (PTL 1) and JP S60-184663 A (PTL 2) disclose techniques in which, by dispersing fine
grains in steel by means of combined addition of rare-earth elements (REM) and Ti, grain growth of austenite is sup-
pressed, thereby improving the toughness of the weld zone.
[0009] A technique for dispersing Ti oxides, a technique for combining the capability of ferrite product nuclei of BN
with oxide dispersion, and a technique for adding Ca and a REM to control the morphology of sulfides so as to increase
the toughness have also been proposed.
[0010] These techniques target relatively low strength steel material with a small amount of alloying elements. Unfor-
tunately, these techniques cannot be applied to higher strength steel material with a large amount of alloying elements,
since the HAZ microstructure does not include ferrite.
[0011] Therefore, as a technique for facilitating generation of ferrite in the heat-affected zone, JP 3697202 B2 (PTL
3) discloses a technique that mainly increases the added amount of Mn to 2% or more. With continuous casting material,
however, Mn tends to segregate in the central portion of the slab. The central segregation area becomes harder not
only in the base metal but also in the heat-affected zone and becomes the origin of fracture, thereby triggering a reduction
in the base metal and HAZ toughness.
[0012] On the other hand, in the dual phase reheating area, carbon becomes concentrated in a region where reverse
transformation to austenite occurs due to dual phase reheating, and brittle bainite microstructures including isolated
martensite are generated during cooling, resulting in reduced toughness. Therefore, techniques have been disclosed
to reduce the contents of C and Si in the steel chemical composition, inhibit the generation of isolated martensite, and
improve the toughness, and to ensure the base metal strength by adding Cu (for example, JP 3045856 B2 (PTL 4)).
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These techniques increase the strength by precipitating Cu, but in the method of PTL 4, the cooling rate after rolling is
0.1 °C/s or less, and Cu particles are precipitated during this process. This approach is problematic in terms of manu-
facturing stability.
[0013] JP 3722044 B2 (PTL 5) proposes a weld joint with excellent toughness resulting from the combination of the
steel plate chemical composition and the weld metal chemical composition. With this technique, excellent toughness is
obtained through control of the chemical composition of the HAZ and the weld metal by guaranteeing at least a certain
amount of B in the steel plate and the weld metal. Depending on the welding conditions, however, the addition of B
encourages generation of a hard phase, such as martensite, which may instead cause the toughness to worsen.

CITATION LIST

Patent Literature

[0014]

PTL 1: JP H03-053367 B2

PTL 2: JP S60-184663 A

PTL 3: JP 3697202 B2

PTL 4: JP 3045856 B2

PTL 5: JP 3722044 B2

SUMMARY

(Technical Problem)

[0015] In recent years, steel structures such as ships, marine structures, wind power generation facilities, pressure
vessels, and penstocks have increased in size, leading to a desire for even higher strength steel material. The steel
material used in these steel structures is often thick material, for example with a plate thickness of 30 mm or more.
Therefore, in order to ensure a strength such that the yield stress is at least 355 MPa grade, a steel chemical composition
with a large added amount of alloying elements is advantageous. As described above, however, sufficient examination
has not been made of how to improve toughness of the bonds and the dual phase reheating areas in high-tensile-strength
steel material with a large amount of alloying elements.
[0016] It would therefore be helpful to provide a weld joint with an excellent CTOD property that uses, as the base
metal, a high-tensile-strength steel plate that has yield stress (YS) of 355 MPa or greater and excellent low temperature
toughness in the heat-affected zone of a multilayer weld (CTOD property) and is suitable for steel structures such as
marine structures, ships, wind power generation facilities, pressure vessels, and penstocks.

(Solution to Problem)

[0017] In order to solve the above problems, we made intensive studies and specifically designed the chemical com-
position of steel based on the following technical concepts, thereby completing this disclosure.

i) Since the CTOD property is evaluated with a test piece having the entire thickness of the steel plate, the central
segregation area where components are concentrated becomes the origin of fracture. Consequently, in order to
improve the CTOD property of the heat-affected zone, elements that easily concentrate as central segregation of
the steel plate are controlled to a proper amount, thereby suppressing the hardening of the central segregation area.
At the center of the slab, which is the last portion to solidify when the molten steel solidifies, the concentration of C,
Mn, P, Ni, and Nb is higher than the concentration of other elements. Hence, the added amounts of these elements
are controlled on the basis of the central segregation area hardness index, thereby reducing the hardness of the
central segregation area.
ii) In order to improve the toughness of the heat-affected zone, Ti/N is used efficiently to suppress coarsening of
the austenite grains in the vicinity of the weld bond. Controlling the Ti/N ratio to an appropriate level allows uniform
fine particle distribution of Ti/N in the steel.
iii) Crystallization of the Ca compound (CaS), which is added for morphological control of sulfides, is used to improve
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the toughness of the heat-affected zone. Since CaS crystalizes at a low temperature as compared to oxides, CaS
can be distributed uniformly as fine particles. Furthermore, by controlling the amount of CaS added and the amount
of dissolved oxygen in the molten steel at the time of addition to be within appropriate ranges, solute S can also be
guaranteed after CaS crystallization. Hence, MnS precipitates on the surface of the CaS to form a complex sulfide.
Since a Mn dilute zone is formed around the MnS, ferrite transformation is further promoted.
iv) In order to guarantee low temperature toughness, the generation of grain boundary ferrite and Widmannstätten
ferrite is preferably suppressed, and fine acicular ferrite is preferably present. Therefore, it is effective to add B,
which suppresses generation of ferrite by segregating at grain boundaries, to the weld metal. Depending on the
welding conditions, however, coarse iron-carbon borides may be generated, thereby instead reducing the toughness.
Hence, an appropriate amount of B needs to be added. Another reason that an appropriate amount of B is necessary
is that B may disperse from the weld metal to the base metal side (HAZ) and encourage generation of martensite,
which is a brittle phase that increases the quench hardenability of the HAZ, causing toughness to degrade.

[0018] This disclosure was completed based on the above discoveries, and the primary features thereof are as follows.

1. A weld joint produced with a weld metal, using a steel plate as a base metal, wherein
the steel plate comprises a chemical composition including (consisting of), by mass%,

C: 0.03 % to 0.09 %,
Si: 0.01 % to 0.35 %,
Mn: 1.3 % to 2.0 %,
P: 0.012 % or less,
S: 0.0035 % or less,
Al: 0.01 % to 0.06 %,
Ni: less than 0.3 %,
Mo: less than 0.10 %,
Nb: 0.005 % to 0.023 %,
Ti: 0.005 % to 0.025 %,
B: less than 0.0003 %,
N: 0.002 % to 0.005 %,
Ca: 0.0005 % to 0.0050 %, and
O: 0.0030 % or less,

Ceq specified by formula (1) below being from 0.320 to 0.420, Ti/N being from 1.5 to 4.0, formulas (2) and (3) below
being satisfied, and a balance being Fe and incidental impurities; and
the weld metal comprises a chemical composition including (consisting of), by mass%,

C: 0.040 % to 0.090 %,
Si: 0.1 % to 0.8 %,
Mn: 1.0 %to 2.5 %,
Al: 0.02 % or less,
Ni: 0.1 % to 1.0 %,
Mo: 0.05 % to 0.50 %,
Ti: 0.005 % to 0.050 %,
B: 0.0015 % or less, and
Ti: 0.005 % to 0.050 %,

a balance being Fe and incidental impurities: 
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where brackets [ ] indicate the content by mass% of the element in the brackets.
2. The weld joint of 1, wherein the steel plate further includes, by mass%, at least one selected from the group
consisting of:

Cu: 0.7 % or less,
Cr: 0.1 % to 1.0 %, and
V: 0.005 % to 0.050 %.

3. The weld joint of 1 or 2, wherein a hardness of a central segregation area of the steel plate satisfies formula (4) below: 

where Hvmax is a maximum Vickers hardness of the central segregation area,
Hvave is an average Vickers hardness of a portion excluding the central segregation area and sections from
both front and back surfaces inward to 1/4 of a plate thickness,
[C] is the C content by mass%, and
t is a plate thickness of the steel plate in millimeters.

4. The weld joint of 1, 2, or 3, wherein the weld metal further includes, by mass%, at least one selected from the
group consisting of:

Cu: 0.01 % to 0.20 %,
Cr: 0.01 % to 0.50 %,
V: 0.001 % to 0.080 %, and
Nb: 0.001 % to 0.040 %.

(Advantageous Effect)

[0019] We thus provide a weld joint with a yield strength (YS) of 355 MPa or greater, which is suitable for use in large
steel structures such as marine structures, and with an excellent CTOD property in the multilayer weld. This weld joint
is extremely useful in industrial terms.

DETAILED DESCRIPTION

[0020] The reasons why the chemical compositions of the steel plate and weld metal have been restricted to the
aforementioned ranges will be described for each element. The unit "%" in the chemical composition described below
is "mass%" unless otherwise specified.
[0021] First, the reason for limiting the chemical composition of the steel plate that becomes the base metal is explained.

C: 0.03 % to 0.09 %

[0022] C is a necessary element for ensuring the strength of the steel plate that becomes the base metal. When the
C content is less than 0.03 %, quench hardenability is degraded, and it becomes necessary to add a large amount of
quench hardenability-improving elements, such as Cu, Ni, Cr, or Mo, in order to ensure strength, resulting in a rise in
costs. When the amount of C added exceeds 0.09 %, the toughness of the weld zone degrades. Therefore, the C content
is set in the range of 0.03 % to 0.09 %, and is preferably 0.040 % to 0.085 %.

Si: 0.01 % to 0.35 %

[0023] Si is added as a deoxidizing material and in order to obtain base metal strength. Adding a large amount
exceeding 0.35 %, however, leads to deterioration in weldability and toughness of the weld joint. Therefore, the Si content
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needs to be set in the range of 0.01 % to 0.35 %, preferably 0.28 % or less, and more preferably 0.03 % to 0.25 %.

Mn: 1.3 % to 2.0 %

[0024] In order to ensure the base metal strength and the weld joint strength, Mn is added to a content of 1.3 % or
more. Upon the Mn content exceeding 2.0 %, however, weldability deteriorates, quench hardenability becomes excessive,
and the toughness of the base metal and the toughness of the weld joint deteriorate. Therefore, the Mn content is set
in a range of 1.3 % to 2.0 %, preferably 1.4 % to 1.9 %, and more preferably 1.4 % to 1.8 %.

P: 0.012 % or less

[0025] P is an impurity element and degrades the toughness of the base metal and the toughness of the weld zone.
In particular, when the P content in the weld zone exceeds 0.012 %, the CTOD property markedly degrades. Therefore,
the P content is set to 0.012 % or less, and preferably 0.009 % or less.

S: 0.0035 % or less

[0026] S is an impurity element that is mixed in inevitably. When the content thereof exceeds 0.0035 %, the toughness
of the base metal and the weld zone deteriorates. Therefore, the content is set to 0.0035 % or less, and preferably
0.0030 % or less.

Al: 0.01 % to 0.06 %

[0027] Al is an element to be added in order to deoxidize molten steel, and the Al content needs to be set to 0.01 %
or more. When the Al content exceeds 0.06 %, however, the toughness of the base metal and the weld zone is degraded,
and Al is mixed into the weld metal by dilution due to welding, thereby degrading toughness. Therefore, the Al content
is limited to 0.06 % or less and is preferably 0.017 % to 0.055 %. In this disclosure, the Al content is specified in terms
of acid-soluble Al (also referred to as "Sol.Al" or the like).

Ni: less than 0.3 %

[0028] Ni is an element useful for improving the strength and toughness of steel and is also useful for improving the
CTOD property of the weld zone. Hence, the Ni content is preferably 0.05% or more. Ni is an expensive element, however,
and excessive addition thereof also increases the likelihood of damage to the surface of the slab at the time of casting.
Therefore, when Ni is added, the upper limit is set to less than 0.3% and is more preferably 0.06 % to 0.28 %.

Mo: less than 0.10 % (including the case of 0 %)

[0029] Mo is a useful element for increasing strength and may be included as necessary. On the other hand, Mo
causes brittle martensite to be generated in the heat-affected zone. Hence, the content of Mo when added is set to less
than 0.10 %, preferably less than 0.08 %.

Nb: 0.005 % to 0.023 %

[0030] Nb contributes to the formation of an unrecrystallized zone of austenite in the low temperature region. By
performing rolling in such a temperature region, the microstructure of the base metal can be refined and the toughness
of the base metal can be increased. Furthermore, Nb has the effect of improving the quench hardenability and of improving
the resistance to softening at the time of tempering and is a useful element for improving the strength of the base metal.
In order to obtain these effects, the Nb content needs to be at least 0.005 %. Nb content exceeding 0.023 %, however,
promotes the generation of upper bainite and martensite, which degrade the toughness in the heat-affected zone. Hence,
the upper limit on the Nb content is set to 0.023 %, preferably 0.020 %, and more preferably 0.008 % to 0.020 %.

Ti: 0.005 % to 0.025 %

[0031] Ti is precipitated as Ti/N when molten steel solidifies, which suppresses coarsening of austenite in the weld
zone, thus contributing to improvement in the toughness of the weld zone. When the Ti content is less than 0.005 %,
however, such an effect is small. On the other hand, when the Ti content exceeds 0.025 %, Ti/N coarsens, and it is not
possible to obtain the effect of improving the toughness of the base metal and the weld zone. Therefore, the Ti content
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is set to be from 0.005 % to 0.025 %, preferably 0.006 % to 0.020 %, and more preferably 0.008 % to 0.016 %.

B: less than 0.0003 %

[0032] When steel is cooled from the austenite region, B exists in a segregated manner at austenite grain boundaries,
suppresses ferrite transformation, and generates bainite microstructures that include a large amount of martensite. The
addition of B makes the microstructure brittle particularly in the heat-affected zone and is therefore limited to less than
0.0003 %.

N: 0.002 % to 0.005 %

[0033] N reacts with Ti and Al to form precipitates. Crystal grains are thereby refined, and the toughness of the base
metal is improved. Furthermore, N is a necessary element for forming Ti/N, which suppresses coarsening of the micro-
structure of the weld zone. In order to obtain such effects, the N content needs to be set to 0.002 % or more. On the
other hand, when the N content exceeds 0.005 %, solute N markedly degrades the toughness of the base metal and
the weld zone and leads to a deterioration in strength due to a reduction in solute Nb caused by generation of complex
precipitates of Ti/Nb. Therefore, the upper limit on the N content is set to 0.005 % and is more preferably 0.0025 % to
0.0045 %.

Ca: 0.0005 % to 0.0050 %

[0034] Ca is an element that improves toughness by fixing S. In order to obtain this effect, the Ca content needs to
be at least 0.0005 %. Ca content exceeding 0.0050 %, however, causes saturation of the effect. Therefore, Ca is added
in the range of 0.0005 % to 0.0050 % and more preferably 0.008 % to 0.0035 %.

O: 0.0030 % or less

[0035] If the O content exceeds 0.0030 %, the toughness of the base metal deteriorates. Hence, the O content is set
to 0.0030 % or less, preferably 0.0025 % or less.
[0036] It is also crucial that Ceq as specified by formula (1) below be 0.320 to 0.420, that Ti/N be 1.5 to 4.0, and that
formulas (2) and (3) below be satisfied, where the brackets [ ] in each formula indicate the content (mass%) of the
element in the brackets. 

Ceq: 0.320 to 0.420

[0037] When Ceq specified by formula (1) is less than 0.320, a strength that has 355 MPa grade yield stress is difficult
to obtain. On the other hand, if Ceq exceeds 0.420, the weldability and the toughness of the weld zone deteriorate.
Hence, Ceq is set to 0.420 or less and is preferably 0.340 to 0.420.

Ti/N: 1.5 to 4.0

[0038] When the value of Ti/N is less than 1.5, the amount of Ti/N formed decreases, and solute N not forming Ti/N
degrades the toughness of the weld zone. When the value of Ti/N exceeds 4.0, Ti/N is coarsened and degrades the
toughness of the weld zone. Accordingly, the range of Ti/N is 1.5 to 4.0, preferably 1.8 to 3.5. Ti/N is the ratio of the
content (mass%) of each element.
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[0039] The expression {[Ca] - (0.18 + 1303[Ca])3[O]}/1.25/[S] is a value representing the Atomic Concentration Ratio
(ACR) of Ca and S, which are effective for sulfide morphological control. The sulfide morphology can be estimated by
this value, and this value needs to be specified in order to finely disperse CaS which does not dissolve even at high
temperatures and which acts as nuclei for ferrite transformation. In other words, when ACR is 0 or less, CaS is not
crystallized. Consequently, S is precipitated in the form of MnS only, thereby making it impossible to obtain ferrite product
nuclei in the heat-affected zone. Furthermore, the MnS precipitated alone is elongated during rolling and causes deg-
radation in the toughness of the base metal.
[0040] On the other hand, when ACR is 1 or greater, S is completely fixed by Ca, and MnS that functions as a ferrite
product nucleus is no longer precipitated on CaS. Therefore, complex sulfides can no longer achieve the fine dispersion
of ferrite product nuclei, making it impossible to obtain the effect of improving toughness. In this way, when ACR is
greater than 0 and less than 1, MnS precipitates on CaS to form complex sulfides, which function effectively as ferrite
product nuclei. The ACR value is preferably in the range of 0.2 to 0.8. 

[0041] The value of 5.5[C]4/3 + 15[P] + 0.90[Mn] + 0.12[Ni] + 7.9[Nb]1/2 + 0.53[Mo] is the hardness index of the central
segregation area formed by components that are likely to be concentrated in the central segregation area and is referred
to below as the Ceq* value. A CTOD test is carried out over the entire thickness of a steel plate. Accordingly, test pieces
used in the test include central segregation. If the composition concentration in the central segregation is significant, a
hardened region occurs in the heat-affected zone, preventing a good CTOD value from being obtained. By controlling
the Ceq* value to be in an appropriate range, an excessive increase in hardness in the central segregation area can be
suppressed, and an excellent CTOD property can be obtained even in the weld zone of thick steel material. The appro-
priate range of the Ceq* value has been experimentally obtained. When the Ceq* value exceeds 3.00, the CTOD property
is degraded. Therefore, the Ceq* value is set to be 3.00 or less, preferably 2.90 or less.
[0042] The basic chemical composition of this disclosure has been described, but in order to further improve the steel
properties, at least one selected from the group consisting of Cu: 0.7 % or less, Cr: 0.1 % to 1.0 %, and V: 0.005 % to
0.050 % may be added.

Cu: 0.7 % or less

[0043] Cu is effective for increasing the strength of the base metal. To this end, Cu is preferably added in an amount
of 0.1% or more. If the amount added exceeds 0.7 %, however, the hot ductility deteriorates. Hence, the amount is
preferably 0.7 % or less, more preferably 0.6 % or less.

Cr: 0.1% to 1.0%

[0044] Cr is an element effective in increasing the strength of the base metal. In order to obtain this effect, the Cr
content is preferably set to 0.1 % or more. However, since excess Cr adversely affects toughness, the Cr content is
preferably set to 1.0 % or less when added, and more preferably 0.2 % to 0.8 %.

V: 0.005 % to 0.050 %

[0045] V is an element that is effective in improving the strength and toughness of the base metal at a content of 0.005
% or more. Setting the V content to exceed 0.050 %, however, leads to deterioration of toughness. Therefore, the V
content is preferably 0.005 % to 0.050 % when added.
[0046] Furthermore, specifying the toughness of the central segregation area in the steel plate as indicated below is
useful for improving the CTOD property. 

[0047] First, in the expression above, Hvmax is the maximum Vickers hardness of the central segregation area, Hvave
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is the average Vickers hardness of a portion excluding the central segregation area and sections from both front and
back surfaces inward to 1/4 of the plate thickness, [C] is the C content (mass%), and t is the plate thickness (mm).
[0048] In other words, Hvmax/Hvave is a dimensionless parameter expressing the hardness of the central segregation
area. If this value becomes higher than the value calculated by 1.35 + 0.006/[C] - t/500, the CTOD value degrades.
Therefore, Hvmax/Hvave is preferably set to be equal to or less than 1.35 + 0.006/[C] - t/500, more preferably equal to
or less than 1.25 + 0.006/[C]-t·500.
[0049] Hvmax is calculated by measuring, in the thickness direction of the steel plate, a (plate thickness/40) mm range
that includes the central segregation area in a Vickers hardness tester (load of 10 kgf) at 0.25 mm intervals in the plate
thickness direction and taking the maximum value among the resulting measured values. Hvave is calculated as the
average of values obtained by measuring a range between a position at 1/4 plate thickness from the steel plate front
surface and a position at 1/4 plate thickness from the back surface, excluding the central segregation area, in a Vickers
hardness tester with a load of 10 kgf at constant intervals in the plate thickness direction (for example, 1 mm to 2 mm).
[0050] Next, the reason for limiting each element in the chemical composition of the weld metal is explained.

C: 0.040 % to 0.090 %

[0051] In order to ensure the strength of the weld metal, it is necessary to add C to a content of 0.04 % or more. On
the other hand, C content exceeding 0.09 % leads to deterioration in toughness due to excessive quench hardenability.
Accordingly, the C content is set to be from 0.04 % to 0.09 % and is preferably 0.050 % to 0.085 %.

Si: 0.1 % to 0.8 %

[0052] Si is added to ensure deoxidation and strength, but if the content is less than 0.1 %, the fluidity of the weld
metal is reduced, increasing the likelihood of weld defects. If the Si content exceeds 0.8 %, the strength of the weld
metal becomes excessive, causing cracks and reducing the toughness. Accordingly, the Si content is set to be from 0.1
% to 0.8 %, is preferably 0.1 % to 0.6 %, and is more preferably 0.1 % to 0.5 %.

Mn: 1.0 % to 2.5 %

[0053] In order to ensure the strength of the weld metal, it is necessary to add Mn to a content of 1.0 % or more.
However, Mn content exceeding 2.5 % causes excessive quench hardenability, and the toughness reduces. Accordingly,
the Mn content is set to be from 1.0 % to 2.5 % and is preferably 1.0 % to 2.0 %.

Al: 0.020 % or less

[0054] Al needs to be added for deoxidation, preferably to 0.004 % or more. If the content exceeds 0.020 %, however,
many inclusions occur, and the generation of Ti oxides is suppressed, leading to coarsening of the weld metal micro-
structure and reducing toughness. Hence, the Al content is set to 0.020 % or less.

Ni: 0.1 % to 1.0 %

[0055] Addition of Ni is necessary to guarantee the strength and toughness of the weld metal, but these effects are
not achieved at a content of less than 0.1 %. Conversely, Ni content exceeding 1.0 % reduces fluidity. Accordingly, the
Ni content is set to be from 0.1 % to 1.0 % and is preferably 0.1 % to 0.8 %.

Mo: 0.05 % to 0.50 %

[0056] Addition of Mo is necessary to guarantee the strength and toughness of the weld metal, but these effects are
not achieved at a content of less than 0.05 %. Mo content exceeding 0.50 %, however, causes saturation of these effects.
Therefore, the upper limit on Mo is set at 0.50 %, and the content is preferably 0.08 % to 0.45 %.

Ti: 0.005 % to 0.050 %

[0057] Ti fixes the N in the weld metal as Ti/N, forms oxides, and fulfills an important function as a product nucleus
for acicular ferrite. If the N content is less than 0.005 %, these effects are not sufficiently achieved, whereas if the content
exceeds 0.050 %, solute Ti increases, causing a significant degradation in toughness. Accordingly, the Ti content is set
to be from 0.005 % to 0.050 % and is preferably 0.006 % to 0.045 %.
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B: 0.0015 % or less

[0058] B is effective for increasing the strength of the weld metal and is therefore preferably added to a content of
0.0003 % or more. Excessive addition of B, however, generates coarse iron-carbon borides. Hence the content of B is
set to 0.0015 % or less.
[0059] Furthermore, Cu, Cr, V, and Nb may be added independently or in combination as optional elements for adjusting
quench hardenability by welding heat input.

Cu: 0.01 % to 0.20 %

[0060] Cu is effective for increasing the strength of the weld metal. In order to achieve this effect, Cu is preferably
added to a content of 0.01 % or more, but upon exceeding 0.20 %, high-temperature cracks and a reduction in toughness
occur. Hence, the content of Cu is preferably set to 0.20 % or less.

Cr: 0.01% to 0.50%

[0061] Cr is effective for increasing the strength of the weld metal. In order to achieve this effect, Cr is preferably added
to a content of 0.01 % or more. Cr content exceeding 0.50 %, however, reduces toughness. Hence, the Cr content is
preferably set to 0.50 % or less.

V: 0.001 % to 0.080 %

[0062] V is effective for increasing the strength of the weld metal. In order to achieve this effect, V is preferably added
to a content of 0.001 % or more. V content exceeding 0.080 %, however, reduces toughness. Hence, the V content is
preferably set to 0.080 % or less.

Nb: 0.001 % to 0.040 %

[0063] Nb is effective for increasing the strength of the weld metal. In order to achieve this effect, Nb is preferably
added to a content of 0.001 % or more. Nb content exceeding 0.040 %, however, reduces toughness. Hence, the Nb
content is preferably set to 0.040 % or less.
[0064] The weld joint of this disclosure is preferably produced in accordance with the method of production described
below.
[0065] Specifically, molten steel adjusted to have the aforementioned chemical composition is prepared by steelmaking
with an ordinary method using a converter, an electric heating furnace, a vacuum melting furnace, or the like. Next, after
forming the molten steel into a slab by continuous casting, the slab is hot rolled to a desired plate thickness. The result
is then cooled, and tempering is additionally performed, yielding a steel plate with a thickness of 30 mm or greater.
[0066] During the hot rolling, the slab reheating temperature and rolling reduction are preferably specified. Specifically,
in order to provide the base metal with high strength and good toughness, the slab reheating temperature is preferably
set to be from 1000 °C to 1200 °C, and the overall rolling reduction is preferably set to be 50% or greater.
[0067] Taking steel plates obtained in this way as base metal, weld metal adjusted to the aforementioned chemical
composition is used to produce a weld joint. At this time, when the thickness of the steel plates is 40 mm or less, an X-
shaped groove is formed in the steel plates, and both-side single-layer submerged arc welding is performed. When the
thickness of the steel plates exceeds 40 mm, an X-shaped or V-shaped groove is formed in the steel plates, and multilayer
fill submerged arc welding is performed.
[0068] In other words, both-side single-layer submerged arc welding is only used in the case of thin material with a
plate thickness of 40 mm or less. Multilayer fill submerged arc welding can be performed with a heat input of 80 kJ/cm
or more. If both-side single-layer welding is performed when the plate thickness exceeds 40 mm, the heat input greatly
exceeds 100 kJ/cm, which may prevent the properties of the weld zone from being maintained. By contrast, multilayer
fill welding can be performed with an approximate upper limit of 100 kJ/cm.

EXAMPLES

[0069] Steels having the respective chemical compositions shown in Table 1 were each obtained by steelmaking, and
steel plates with a thickness of 30 mm to 100 mm were produced. The base metal was evaluated by a tensile test in
which JIS No. 4 test pieces were collected from the 1/2 position along the thickness of the steel plates, so that the
longitudinal direction of each test piece was perpendicular to the rolling direction of the steel plate. The yield stress (YS)
and tensile strength (TS) were then measured in accordance with JIS Z 2241.
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[0070] A Charpy impact test was also performed by collecting JIS V-notch test pieces from the 1/2 position along the
thickness of the steel plates, so that the longitudinal direction of each test piece was perpendicular to the rolling direction
of the steel plate. The absorbed energy vE-40 °C at -40 °C was then measured.
[0071] The base metal properties were evaluated as being good when all of the following relationships were satisfied:
YS ≥ 355 MPa, TS ≥ 470 MPa, and vE-40 °C ≥ 200 J.
[0072] As the weld joint, a multilayer fill weld joint was produced by submerged arc welding. The welding was performed
with a heat input of 100 kJ/cm.
[0073] The toughness was evaluated by measuring the absorbed energy vE-40 °C at -40 °C with a Charpy impact
test, using the weld metal center and the weld bond at the 1/4 position along the thickness of the steel plates as the
notch position for the test.
[0074] Regarding weld properties, the toughness of the weld joint was determined to be good when the mean for three
tests satisfied the relationship vE-40 °C ≥ 150 J.
[0075] Using the weld metal center and the weld bond as the notch position for the CTOD test pieces, the CTOD value
at -10 °C, i.e. δ-10 °C, was measured. The CTOD property of the weld joint was determined to be good when the minimum
of the CTOD value (δ-10 °C) over three tests was 0.50 mm or greater.
[0076] Table 2 lists the chemical composition of the weld metal and the results of the Charpy impact test and CTOD
test on the weld joint.
[0077] Regarding the chemical composition of the base metal, steel numbers 1 to 5 are Examples, whereas steel
numbers 6 to 24 are Comparative Examples for which one or more of the contents in the chemical composition and the
values of the formulas are outside of the ranges of this disclosure.
[0078] In Table 2, weld codes A, B, D, E, H, I, J, and M are all Examples for which the results of the Charpy impact
test on the weld bond and the results of the three-point bending CTOD test on the weld bond satisfied the targets.
[0079] By contrast, for weld codes C, F, G, K, and N to S, the steel plate chemical composition and/or the weld metal
chemical composition were outside of the ranges of this disclosure, and the base metal properties or the results of the
Charpy impact test on the weld bond and the results of the three-point bending CTOD test on the weld bond did not
satisfy the targets.
[0080] From the results in Tables 1 and 2, it is clear that in a steel plate according to this disclosure, the yield stress
(YS) of the base metal is 355 MPa or greater, the Charpy absorption energy (vE-40 °C) is 200 J or greater, and both
the strength and toughness of the base metal are excellent. Furthermore, regarding the weld metal of the weld joint and
the bond, vE-40 °C is 150 J or greater, the CTOD value is 0.5 mm or greater, and the toughness of the heat-affected
zone is excellent. By contrast, in all of the results for the Comparative Examples that fell outside of the ranges of this
disclosure, at least one of the above properties degraded.
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Claims

1. A weld joint produced with a weld metal, using a steel plate as a base metal, wherein

the steel plate comprises a chemical composition including, by mass%, C: 0.03 % to 0.09 %,
Si: 0.01 % to 0.35 %,
Mn: 1.3 % to 2.0 %,
P: 0.012 % or less,
S: 0.0035 % or less,
Al: 0.01 % to 0.06 %,
Ni: less than 0.3 %,
Mo: less than 0.10 %,
Nb: 0.005 % to 0.023 %,
Ti: 0.005 % to 0.025 %,
B: less than 0.0003 %,
N: 0.002 % to 0.005 %,
Ca: 0.0005 % to 0.0050 %, and
O: 0.0030 % or less,

Ceq specified by formula (1) below being from 0.320 to 0.420, Ti/N being from 1.5 to 4.0, formulas (2) and (3) below
being satisfied, and a balance being Fe and incidental impurities; and
the weld metal comprises a chemical composition including, by mass%,

C: 0.040 % to 0.090 %,
Si: 0.1 % to 0.8 %,
Mn: 1.0 % to 2.5 %,
Al: 0.020 % or less,
Ni: 0.1 % to 1.0 %,
Mo: 0.05 % to 0.50 %,
Ti: 0.005 % to 0.050 %, and
B: 0.0015 % or less,

a balance being Fe and incidental impurities: 

where brackets [ ] indicate the content by mass% of the element in the brackets.

2. The weld joint of claim 1, wherein the steel plate further includes, by mass%, at least one selected from the group
consisting of:

Cu: 0.7 % or less,
Cr: 0.1 % to 1.0 %, and
V: 0.005 % to 0.050 %.

3. The weld joint of claim 1 or 2, wherein a hardness of a central segregation area of the steel plate satisfies formula
(4) below: 
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where Hvmax is a maximum Vickers hardness of the central segregation area,
Hvave is an average Vickers hardness of a portion excluding the central segregation area and sections from
both front and back surfaces inward to 1/4 of a plate thickness,
[C] is the C content by mass%, and
t is a plate thickness of the steel plate in millimeters.

4. The weld joint of claim 1, 2, or 3, wherein the weld metal further includes, by mass%, at least one selected from the
group consisting of:

Cu: 0.01 % to 0.20 %,
Cr: 0.01 % to 0.50 %,
V: 0.001 % to 0.080 %, and
Nb: 0.001 % to 0.040 %.
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